Background: Chronic inflammation is involved in the development of colorectal cancer (CRC) and microsatellite instability (MSI), a distinct phenotype of CRC. Experimental evidence indicates an anti-inflammatory and antineoplastic effect of marine ω-3 polyunsaturated fatty acids (PUFAs). However, epidemiologic data remain inconclusive.
article marine ω-3 polyunsaturated fatty acids (PUFAs) (ie, eicosapentaenoic acid [EPA] , docosahexaenoic acid [DHA] , and docosapentaenoic acid [DPA] ) have potent anti-inflammatory activity and inhibit colorectal carcinogenesis (3, 4) . However, epidemiologic findings on the association between marine ω-3 PUFAs and CRC are inconsistent, with an inverse association reported in some prospective studies (5, 6) but not in others (7) (8) (9) (10) (11) . Recent evidence suggests that the association may vary by subsite of tumors. High ω-3 PUFA intake appeared to be associated with a lower risk of proximal colon cancer and with an unaltered or even increased risk of distal colon cancer (12, 13) .
The potential differential role of ω-3 PUFA intake according to anatomic site may be because of variation in the prevalence of specific molecular subtypes that result from various genetic and epigenetic alterations in the proximal compared with distal colon (14, 15) . Specifically, 10% to 15% of CRCs display microsatellite instability (MSI) with predominance in the proximal colon (16) (17) (18) . MSI is caused by the loss of DNA mismatch repair (MMR) activity (19) . Experimental studies have demonstrated that inflammation inactivates MMR function and increases mutation rates (20) (21) (22) . Prostaglandin E 2 (PGE 2 ), an arachidonic acid-derived proinflammatory product, has been shown to silence DNA repair genes by enhancing DNA methylation to promote colonic tumor growth (23) . Based on these findings and prior data showing a stronger inverse association of ω-3 PUFA with proximal colon cancer, we hypothesized that marine ω-3 PUFAs were more likely to inhibit inflammatory pathways associated with the development of tumors that arise from defective MMR.
To test this hypothesis and extend our previous analysis of ω-3 PUFA (12), we investigated the association of marine ω-3 PUFA intake with incidence of CRC according to MSI status of the tumors using two large US cohorts, the Nurses' Health Study (NHS) and Health Professionals Follow-up Study (HPFS), in which detailed dietary and lifestyle data and tumor specimens have been collected during 24 to 26 years of follow-up. These two cohort studies offered us a unique opportunity to integrate data on long-term marine ω-3 PUFA intake and molecular features in CRC tissue over longitudinal follow-up. This integrative approach enabled us to provide novel evidence for possible roles of ω-3 PUFAs in prevention of certain CRC subsets that possess distinct molecular features.
Because most CRCs with MSI demonstrate widespread methylation of CpG islands, ie, the so-called CpG island methylator phenotype (CIMP), and many harbor V600E BRAF mutations, we also classified tumors by CIMP and BRAF mutation status and examined the association between marine ω-3 PUFA intake and incident CRC according to MSI in strata of CIMP and BRAF mutation status.
Methods

Study Population
The NHS enrolled 121 701 registered female nurses who were age 30 to 55 years in 1976 in the United States (24) . The HPFS included 51 529 US male professionals who were age 40 to 75 years in 1986 (25) . In both cohorts, follow-up questionnaires were administered biennially, with response rates of approximately 90% for each of the questionnaires, to collect and update lifestyle and disease information. We collected updated dietary data using the validated food frequency questionnaires (FFQs). We obtained written, informed consent from all participants. The study protocol was approved by the institutional review boards of Brigham and Women's Hospital and Harvard School of Public Health. Details about the two cohorts are provided in the Supplementary Materials (available online).
Dietary Assessment
Details on assessment of ω-3 PUFA intake have been described in previous publications (12, 26) . Briefly, in each FFQ we asked participants their average frequency of consuming each food of a standardized portion size during the previous year. Nine response options were provided, ranging from "never or less than once per month" to "6 or more times per day." The average daily intake of nutrients was calculated by multiplying the reported frequency of consumption of each item by its nutrient content and then summing across from all foods. Use and dosage of fish oil supplements were assessed in the two cohorts since 1990. We included supplement consumption in calculation of marine ω-3 PUFA intake. We adjusted nutrient intake for total caloric intake using the nutrient residual method (27) . Marine ω-3 PUFA intake was calculated by summing EPA, DHA, and DPA consumption.
The reproducibility and validity of FFQs in assessing PUFA intake have been assessed previously (28) . In a random sample of 118 Boston-area HPFS participants age 45 to 70 years who completed two consecutive FFQs (in 1986 and 1987), two oneweek dietary records approximately seven months apart, and provided subcutaneous fat aspirate samples, the mean PUFA intake from the two FFQs were similar (14.0 g/d vs 13.4 g/d, intraclass correlation coefficient r = 0.59), and the Spearman correlation coefficient for estimates of PUFA intake from the FFQ was 0.60 with dietary records and 0.50 with subcutaneous fat aspirates. Similar findings were observed in a validation study in the NHS cohort (29, 30) .
End Point Ascertainment
In both cohorts, participants who reported a diagnosis of CRC in the biennial questionnaires were requested for permission to acquire their medical records and pathologic reports. We identified deaths with over 96% sensitivity through the National Death Index and next of kin. For all CRC deaths, we asked for permission from next of kin to review medical records. Medical records were reviewed by a study physician, who was blinded to exposure information, to confirm CRC diagnosis and to extract information on anatomic location, stage, and histologic type of cancer (31) . Through 2010, we documented 1488 cases of CRC in the NHS and 1013 cases of CRC in the HPFS. Among these cases, we successfully collected sufficient paraffin-embedded archival tumor tissue blocks for MSI testing from 1125 patients (606 in the NHS and 519 in the HPFS). To assess any potential ascertainment bias resulting from tissue specimen availability, we compared the basic characteristics of cases with and without MSI data. As shown in Supplementary Table 1 (available online), we did not observe substantial differences, except that compared with cases without MSI data cases with available MSI data were somewhat older, had a higher proportion of regular aspirin or non-steroidal anti-inflammatory drug (NSAID) use, and consumed more ω-6 PUFAs and vegetables.
article
MSI Assessment
DNA was extracted from paraffin-embedded archival tumor and normal tissues. We determined MSI status using 10 microsatellite markers (D2S123, D5S346, D17S250, BAT25, BAT26, BAT40, D18S55, D18S56, D18S67, and D18S487), as previously described (32) . Tumors were classified as MSI-high if at least 30% of the markers demonstrated instability and as MSI-low or MSS if less than 30% of the markers demonstrated instability. We combined MSI-low tumors into MSS tumors because of the small number of MSI-low cases. Details on CIMP and BRAF mutation assessment are provided in the Supplementary Materials (available online).
Statistical Analysis
For each participant, we calculated follow-up time (in months) from the age at which the baseline questionnaire was returned until the age at the date of death, CRC diagnosis, loss to followup, or end of follow-up (June 1, 2010 for the NHS, January 31, 2010 for the HPFS), whichever came first. To capture long-term habitual consumption, we calculated the cumulative average of marine ω-3 PUFA intake. We used time-varying Cox proportional hazards regression model with age as the time scale to estimate the hazard ratio (HR) and 95% confidence interval (CI) of CRCs associated with marine ω-3 PUFA intake. We also stratified the model by calendar time to account for any period effect. In the multivariable analysis, we adjusted for several risk factors for CRC (see footnote of Table 2 ). Details regarding the assessment of covariables are provided in the Supplementary Materials (available online). Tests for trend were conducted using the median value for each category as a continuous variable in the regression model. We first performed the analyses in each cohort separately, and because no appreciable difference was detected by cohort (P heterogeneity = .13 for overall CRC), we then conducted the pooling analysis using the sex-stratified Cox regression model in the combined dataset.
We assessed the proportional hazards assumption by including the product term between age and each covariable (including the exposure of interest, marine ω-3 PUFA intake) into the Cox model, and testing the statistical significance of the term by Wald test. No deviation from proportional hazards assumption was detected at the α of 0.05 level. We also tested the assumption using age in a categorical form (<45, 45-49, 50-59, 60-69, and ≥70 years) instead of in a continuous form and did not find any statistically significant interaction either between age and each covariable.
To examine whether the associations vary by tumor subtypes, we fitted the subtype-stratified Cox proportional causespecific hazards regression model using the duplication method (33) , and performed a heterogeneity test using the likelihood ratio test, by comparing the model in which the association with exposures was allowed to vary by tumor subtypes to a model in which all the associations were held constant. We assessed the potential nonlinear relationship between exposure and subtypes of CRC using stepwise restricted cubic spline analysis (34) , with a P value of .05 as the criteria for both inclusion and retention in the model. We used the likelihood ratio test to determine the overall statistical significance and the significance of the nonlinearity.
We corrected for measurement error in marine ω-3 PUFA intake using two one-week dietary records completed six months apart in the validation studies of the two cohorts (28, 30, 35) . We used a risk set regression calibration method, which recalibrates the measurement error model for time-varying exposures within each risk set of the Cox regression model (36) . Both the point and interval estimates were corrected for multivariable HRs of CRC subtypes associated with cumulative average of marine ω-3 PUFA intake.
We used SAS 9.3 for all analyses (SAS Institute Inc., Cary, NC). All statistical tests were two-sided, and a P value of less than .05 was considered statistically significant. Table 1 presents the basic characteristics of study participants in the two cohorts. Individuals with higher intake of marine ω-3 PUFA were more likely to be active, undergo lower gastrointestinal endoscopy, and regularly take multivitamins and fish oil supplements. They also had more frequent consumption of poultry, fruits, and vegetables, and less frequent consumption of unprocessed and processed red meat.
Results
We then examined the association of marine ω-3 PUFA intake with both overall and MSI-defined CRC in the two cohorts. As previously reported, marine ω-3 PUFA was not associated with overall incidence of CRC (Table 2) . Notably, we found that the association between marine ω-3 PUFA intake and CRC risk differed by MSI status, with an inverse association restricted to MSI-high tumors. In the pooled cohorts, the multivariable hazard ratio comparing marine ω-3 PUFA intake of 0.30 g/d or higher to that of less than 0.10 g/d was 0.54 (95% CI = 0.35 to 0.83) for MSI-high tumors and was 0.97 (95% CI = 0.78 to 1.20) for MSS tumors. The P value for heterogeneity was .02. Similar results were found in women and men (Supplementary Table 2 , available online). In the spline analysis, we did not detect a nonlinear relationship ( Figure 1) ; high marine ω-3 PUFA intake demonstrated a linear association with lower risk of MSI-high tumors (P linearity = .03) but not MSS tumors (P linearity = .28). Among individuals with marine ω-3 PUFA intake of 0.30 g/d or more, the incidence rates of MSIhigh and MSS tumors were 5.5 and 33.9 per 100 000 persons per year, respectively.
We corrected for measurement error in marine ω-3 PUFA intake across the follow-up. The results did not appreciably change. In the multivariable-adjusted model, the hazard ratio of MSI-high CRC associated with 0.15 g/day increase of marine ω-3 PUFA intake changed from 0.88 (95% CI = 0.76 to 1.00) to 0.86 (95% CI = 0.71 to 1.04). The corresponding hazard ratios for MSS CRC were 0.99 (95% CI = 0.94 to 1.04) before correction and 0.99 (95% CI = 0.93 to 1.05) after correction (data not shown).
For tumors subclassified by CIMP and BRAF mutation status (Supplementary Table 3 , available online), the heterogeneity test for the association with marine ω-3 PUFA did not reach statistical significance (P heterogeneity > .15), although marine ω-3 PUFA appeared to be somewhat more strongly associated with lower risk of CIMP-high and BRAF-mutated tumors than with CIMPlow/negative and BRAF-wild-type tumors.
We jointly classified tumors by MSI and CIMP/BRAF status to assess whether the differential associations of marine ω-3 PUFA with MSI-defined CRC subtypes are independent of CIMP and BRAF mutation. In addition, MSS tumors have been shown to be highly heterogeneous and include some CRCs with molecular features that characterize the sporadic MSI-high subset, notably CIMP and BRAF mutation (37) (38) (39) . Therefore, such joint classification also allows us to explore whether there is a subset of MSS tumors that is associated with ω-3 PUFAs. As shown in Table 3 , marine ω-3 PUFA article demonstrated an inverse association with risk of MSI-high CRC, but not MSS CRC, irrespective of CIMP or BRAF mutation.
Discussion
In two large US cohorts, we observed that marine ω-3 PUFA intake was associated with lower risk of MSI-high colorectal tumors but not MSS tumors. This association appeared independent of CIMP and BRAF mutation. Given the predominance of MSI-high tumors in the proximal colon, our molecular analyses extend the previous findings of a stronger inverse association of marine ω-3 PUFA intake with proximal colon than with distal colon cancer (12, 13) and generate hypotheses for the potential mechanistic role of ω-3 PUFAs in colorectal carcinogenesis.
Our findings are supported by substantial in vitro and animal evidence and by the chemopreventative efficacy of ω-3 PUFAs that has been demonstrated in a randomized controlled trial (RCT) of patients with history of adenomatous polyps, the precursor to the vast majority of CRCs (4). In RCTs, supplementation of ω-3 PUFAs also reduced mucosal epithelial proliferation index and polyp number and size (40) (41) (42) . One of the primary mechanisms whereby ω-3 PUFAs exert their antineoplastic activity has been hypothesized to be through abrogation of several proinflammatory pathways, including biosynthesis of arachidonic acid-derived eicosanoids (eg, PGE 2 ), activity of transcription factors (eg, peroxisome proliferator-activated receptor [PPAR]-α and PPAR-γ), and expression and signal transduction of inflammation-related genes (eg, prostaglandin-endoperoxide synthase 2 [PTGS2, also known as cyclooxygenase-2]) (3). Recently, lipid mediators derived from EPA and DHA, including resolvins, protectins and maresins, have been shown to possess potent anti-inflammatory effects, which may also contribute to the antineoplastic activity of ω-3 PUFAs (43,44).
Despite these compelling data, epidemiologic studies associating ω-3 PUFAs with CRC risk have been inconsistent. A recent meta-analysis of seven prospective studies reported a relative risk of 0.98 (95% CI = 0.88 to 1.09) for CRC comparing the highest to the lowest category of ω-3 PUFA intake (45) . Nevertheless, more recent studies have found that the relationship between marine ω-3 PUFA intake and CRC may vary according to anatomic subsite. In a large Japanese cohort, the inverse association of marine ω-3 PUFAs with CRC was limited to tumors in the proximal site of the large bowel (13) . Using the NHS and HPFS data, we previously reported that high marine ω-3 PUFA intake was associated with an increased risk of distal colon cancer, whereas a suggestive inverse association with proximal colon cancer and rectal cancer was observed for dietary intake assessed about 10 years before CRC diagnosis in men (12) . Thus, the inability to account for such variation by subsite, in addition to factors related to study design and population (eg, variation in the length of follow-up and intake level) may contribute to the mixed results of previous studies. Accumulating evidence supports that CRC is a heterogeneous disease associated with various genetic and epigenetic alterations (14) . Although examining anatomic associations of tumors can capture some of this heterogeneity, the recent recognition that molecular features of CRC vary along bowel subsites in a linear pattern, rather than changing abruptly at specific locations, highlights the importance of integrating molecular-level information into etiologic investigation of CRC (15, 46) . Therefore, we undertook this integrative approach and investigated whether variation in molecular features of CRC can explain the subsite-dependent associations between ω-3 PUFA intake and CRC risk. Our results suggest that ω-3 PUFAs may preferentially inhibit the development of colorectal tumors that arise from defective MMR.
Several lines of evidence support the involvement of inflammation in the MMR deficiency associated with MSI-high CRC. A substantial proportion of patients with colonic inflammation-associated neoplasms demonstrated hypermethylation of hMLH1, the predominant mechanism for sporadic MSI-high CRC Table 2 . Hazard ratio and 95% confidence interval of incident colorectal cancer, overall and by MSI status, according to intake of marine ω-3 polyunsaturated fatty acids in the pooled cohorts of Nurses' Health Study article (47) . Moreover, MSI has been observed in premalignant inflamed tissues without dysplasia among patients with ulcerative colitis (48, 49) . Experimental evidence has shown that chronic inflammation triggered by oxidative stress or hypoxia inactivates MMR gene expression by mutation (21, 50) or epigenetic silencing (51) and may directly damage MMR proteins (20) . In vitro studies have demonstrated that proinflammatory cytokines upregulate hypoxia inducible factor 1, which can inhibit expression of MMR proteins in human CRC tissues (52, 53) . Therefore, considering the well-established anti-inflammatory role of ω-3 PUFAs, it is biologically plausible that ω-3 PUFAs preferably protect against the development of MSI-high CRC. However, further investigation is needed to confirm these findings and decipher underlying mechanisms. In particular, the VITamin D and OmegA-3 TriaL, an ongoing randomized placebo-controlled trial of supplementation of marine ω-3 PUFA (EPA+DHA, 1 g/d) in 20 000 participants, may provide important information at a higher end of intake in this regard, as the collection of biospecimens has been planned (54) .
Our study has several strengths. First, unlike the retrospective collection of data after cancer diagnosis employed in most previous studies on nutritional exposure and molecular subtypes of cancer, the dietary data used in our study were collected before diagnosis, which minimizes the possibility of any differential measurement error between cases and noncases. Second, the availability of repeated dietary data over prolonged follow-up allowed us to evaluate cumulative average consumption of marine ω-3 PUFAs with dampened measurement errors. In addition, we corrected for measurement error using dietary record data collected in the validation studies within the two cohorts and our results did not appreciably change, although there may still be remaining errors related to between-person variation in absorption and metabolism of ω-3 PUFA that is not captured by FFQ or dietary record. Finally, detailed data on a wide range of exposures provided the ability to adjust for multiple confounding factors, although the possibility of residual confounding cannot be excluded.
The limitations of our study should also be noted. First, tissue marker data were not available among all patients diagnosed with CRC in our cohorts. However, comparison of cases with and without tumor tissue data did not reveal any substantial difference. Second, despite the large cohort size, the number of MSI-high cases was relatively small. Nevertheless, the consistent findings in the two cohorts are reassuring. Third, the health professional background of our cohorts and the relatively modest consumption of marine ω-3 PUFAs may limit the generalizability our findings to other populations with different patterns of dietary intake. Lastly, multiple comparisons were performed in our analyses, and therefore our results should be interpreted with caution.
In conclusion, the results of our prospective study have provided support that the association between marine ω-3 Table 3 . Hazard ratio and 95% confidence interval of incident colorectal cancer, jointly classified by MSI and BRAF/CIMP status, according to intake of marine ω-3 polyunsaturated fatty acids in the Nurses' Health Study * All P values are two-sided. CI = confidence interval; CIMP = CpG island methylator phenotype; CRC = colorectal cancer; HR = hazard ratio; MSI = microsatellite instability; MSS = microsatellite stable. † Adjusted for the same set of covariables as in Table 2 . ‡Likelihood ratio test was used to compare the model that allows for separate associations for MSS and MSI-high tumors to the model that assumes a common association across subtypes.
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